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Dear Sir: 

I, Calvin Harley, do hereby declare as follows: 

1. I am the Chief Scientific Officer at Geron Corporation. I have been conducting research 
on telomere biology and biochemistry for over 14 years, I have 18 issued U.S. patents and over 35 
academic publications on the subject. 

My role at Geron is to oversee the company's entire scientific research program, including the 
development of human telomerase reverse transcriptase (hTRT) and telomerase inhibitors for human 
therapy. A copy of my curriculum vitae accompanies this Declaration. 
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2. I am coinventor on U.S. Patent Application referred to above. I am familiar with the 
contents of the application. 

3. This patent application describes the isolation and characterization of the hTRT cDNA and 
genomic sequence, and certain functional experiments verifying its activity. The subject matter of the 
claims currently pending in this application is methods for increasing proliferative capacity of a 
mammalian cell using a nucleic acid encoding hTRT. 

4. I understand the Examiner has agreed that a DNA encoding hTRT can increase the 
proliferative capacity of a cell in vitro, but questions whether this will work in vivo. 

5. Before the making of the invention described in this disclosure and the priority 
applications, no one had succeeded in isolating the TRT gene from a mammalian cell. However, the 
biological properties of telomeres and the function of telomerase were well known (Chiu & Harley, 
"Replicative senescence and cell immortality: the role of telomeres and telomerase." Proc. Soc. Exp. 
Biol. Med. 214:99-106, 1997). 

In view of this background, the makers of this invention forecast that expressing the TRT gene 
in a mammalian cell would cause the cell to have increased proliferative capacity. Pages 65 to 82 of 
the disclosure describe how hTRT can be expressed in cells. Amongst the information provided are 
ways of expressing hTERT encoding region under control of promoters of various kinds, nonviral 
expression vectors (such as plasmids and episomal vectors), and viral expression systems (such as 
retrovirus, adenovirus, and AAV). Pages 1 18 to 127 describe how expression of hTRT in cells can 
increase proliferative capacity. Pages 110 to 114 describe the use of telomerase expression gene 
therapy to increase proliferative capacity in vivo. 

6. Shortly after discovery of the hTRT gene, the ability of hTRT to increase the proliferative 

capacity of cells was demonstrated in vitro. (Bodnar et al., "Extension of life-span by introduction of 
telomerase into normal human cells." Science 279:334-335, 1998. Vaziri & Benchimol, 
"Reconstitution of telomerase activity in normal human cells leads to elongation of telomeres and 
extended replicative life span." Curr. Biol. 8:279-82, 1998.). This provides direct confirmation of 
what was described in the patent application. 
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7. There is no reason to believe that hTRT would not work equally well to increase 
proliferative capacity in vivo, if delivered using an appropriate vector. 

8. I understand the Examiner has already been provided with a copy of the review I wrote in 
2002, entitled "Telomerase is not an Oncogene" (Oncogene 21:494-502). 

There are a variety of human cell types listed in Table 1 of the article, in which TRT has been 
shown to cause an increase in proliferative capacity. As I explain in Figure 2, normal somatic cells 
transduced to express TRT may still be susceptible to the trauma or culture shock checkpoint, but if 
they bypass this, they will continue to proliferate beyond the replicative limit normally caused by 
telomere shortening. 

These results show that the TRT gene by itself, dehvered to isolated human cells using 
standard vector constructs, does act to increase proliferative capacity. 

Seeing as how the effect is so wide-spread, vectors commonly used to cause expression of a 
recombinant gene in vivo would cause hTRT to be expressed in the transduced tissue in the same 
manner as other genes already studied. Expression of hTRT would then cause the cells to have 
increased proliferative capacity in the same manner as cells transduced in vitro. 

9. Accompanying this Declaration is an article by Otto Yang, Rita Effros, and colleagues at 
the UCLA Medical Center in Los Angeles. It describes the effect of recombinant telomerase 
expression on the functional properties of cytotoxic T lymphocytes taken from AIDS patients. 

(J. Virol. 77:3077, 2003). 

The authors of this article found that cytolytic function was impaired in CTL clones taken 
from patients infected with HIV-1 - attributed to clonal exhaustion of CD8(+) lymphocytes due to 
chronic cell turnover. The authors transduced the lymphocytes with a retroviral hTRT expression 
vector, provided by Geron Corporation (described in the article by Bodnar et al. referred to earlier, and 
constructed according to the description provided in this patent application). As a result, proliferative 
_ capacity of the CT L clones was en hanced, a nd cytolytic and antix^al capabmtjes wer^^ _ 

those of control CTL. 

The article concludes by proposing telomerase transduction as a therapy for immune 
dysfunction in chronic viral infection. Injecting the hTRT retrovirus intravenously would give the 
vector access to T lymphocytes in the circulation, in the same way that adding it to a culture flask 
allows the vector to transduce the cultured cells. The vector would have the effect of enhancing 
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proliferative capacity of lymphocytes in vivo, improving the function of the cells as described in this 
article. 

10. Accompanying this Declaration is an article by Karl Rudolph et al. of the Dana-Faber 
Cancer Institute in Boston MA. It is entitled "Inhibition of Experimental Liver Cirrhosis in Mice by 
Telomerase Gene Delivery" (Science 287:1253-1257). 

In the experiments described in the article, knockout mice were made lacking the gene for 
telomerase RNA component (mTR). Unlike humans, mice constitutively express TRT, but these 
knockout mice could not express telomerase function due to the missing mTR gene. The mice showed 
accelerated development of liver cirrhosis in response to a variety of insults, which correlated with the 
presence of shortened telomeres in these animals, due to lack of telomerase activity. Gene therapy 
delivering mTR back to the liver of these animals using an adenovirus vector restored telomerase 
activity and telomere function. The treatment alleviated cirrhotic pathology and improved liver 
function. 

These results show that gene therapy can be used to restore telomerase function in vivo, 
having a beneficial effect attributable to increased cell survival and proliferation. 

U.I understand the Examiner has already been provided with a copy of U.S. patent 
application 10/143,536, entitled "Treatment for Wounds", upon which I am also a named inventor. 

In the experiments described in Example 6 (pages 27-30, and Figures 13-15), rabbit tissue was 
treated in various forms with a non-repUcative adenovirus vector created by the vector biology Group 
at Geron Corporation. The vector contains the hTRT encoding region under control of a constitutive 
promoter, which causes hTRT to be expressed in transduced cells. 

In the first experiment, the adenovirus hTRT vector was used to transfect cultured rabbit 
fibroblasts. As shown in Figure 13, the transduced fibroblasts showed does-dependent telomerase 
enzymatic activity, as determined by TRAP assay. In the second experiment, cultured rabbit tissue 
was.treated in bulk.withih^denoyjrus hTRT y_ector_^anlthen_subjeclto ™ 
shown in Figure 14, the adenovirus vector was effective in causing hTRT expression at the protein 
level in the bulk tissue. 

The third experiment was done in vivo using the established rabbit model for ischemic wounds 
(Ahn et al., Am.. Plast. Surg. 24:17, 1990; Wu et al., Am J. Pathol. 154:301, 1999). The wounds were 
induced bilaterally by dissecting the rostral and central arteries in the ears. The wounds were then 
treated with 2 x lO' viral particles by local administration - either the hTRT adenovirus vector, or 
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vector control. Wound healing parameters were subsequently assessed in H&E stained paraffin 
sections. As shown in Figure 15 and Table 3, there was a dramatic increase in granulation tissue 
formation in the aged rabbit ear wounds treated with adenovirus hTRT, but not the control (p < 0.01). 

Good granulation tissue is the rate-limiting impairment for robust wound closure in this 
ischemic wound model. Thus, seeing that the administered hTRT vector improved granulation tissue 
growth shows that the TRT gene can be delivered by an adenovirus vector to cells in vivo. These 
findings demonstrate the therapeutic potential of hTRT in vivo, 

12. Accompanying this Declaration is an article by Murasawa et al. from Tufts University and 
the Kobi Institute, and Tokai University. It is entitled "Constitutive Human Telomerase Reverse 
Transcriptase Expression Enhances Regenerative Properties of Endothelial Progenitor Cells" 
(Circulation 106:1133-1139, 2002). 

The experiments described in this publication were performed using the same hTRT 
adenovirus vector produced by the vector biology group at Geron Corporation. Transduction of 
endothelial progenitor cells (EPCs) enhanced telomerase activity, mitogenic capacity, and EGF- 
induced cell migration, pOromoted colony formation, and protected them from starvation-induced cell 
apoptosis. Genetically altered EPCs caused enhanced perfusion in a unilateral hind limb ischemia 
model in nude mice. Capillary density, evaluated in histological sections retrieved at day 28 firom 
ischemic hind limb muscle, was markedly increased in mice receiving the hTRT transduced cells. 

These results show that hTRT expression in cells causes increased proliferative capacity, 
which in turn causes enhanced tissue repair when the cells are present in ischemic tissue. 
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13.1 hereby declare that all statements made in this Declaration of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and further that 
these statements are made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code, 
and that such willful false statements may jeopardize the validity of the application, any patent issuing 
thereon, or any patent to which this verified statement is directed. 
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Calvin B. Harley, Ph.D. 
Menlo Park, CA 
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Dear Sir: 

I, John Irving, do hereby declare as follows: 

1. I am the Director of Molecular Biology at Geron Corporation. I have been working in the 
field of recombinant nucleic acid chemistry and vector construction for about 25 years. A copy of my 
curriculum vitae is enclosed with this Declaration. At Geron, I have been responsible for overseeing 
several different projects, such as PCR assay of gene expression in mammalian cells, and construction 
of viral vectors for transduction of mammalian cells, both in vitro and in vivo. 
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2. I have read parts of the application referred to above that relate to construction of vectors 
for expressing human telomerase reverse transcriptase (hTRT). I have also read parts of patent 
application 10/143,536, relating to the adenovirus used in the rabbit ischemic ear model for wound 
healing. My group was responsible for constructing the adenovirus vector used in that study. 

3. I understand the Examiner has questioned whether someone reading the application 
referred to above would know how to construct a vector similar to that used in the 10/143,536 
application at the time that the disclosure of the present application was first filed in November 19, 
1997. 

4. The present application discusses various aspects of vector construction and its use in gene 
therapy: for example, on pages 65-82 and 110-114. Nonviral expression systems such as plasmids 
and episomal vectors are explained, and the reader is directed to a commercial supplier as a source of 
components. Viral vectors are also explained, including those based on retrovirus, adenovirus, AAV, 
and other systems in common use. 

These systems were well known and described at the time the application was filed. See the 
following publications as an illustration of contemporary techniques for adenovirus and retrovirus 
construction: 

• Graham & Prevec. Adenovirus-based expression vectors and recombinant vaccines. 
Biotechnology 290:363, 1992. 

• Sime, Xing, Foley, Graham & Gauldie. Transient gene transfer and expression in 
the lung. Chest 111:898, 1997. 

• He, Zhou, da Costa, Yu, Kinzler & Vogelstein. A simplified system for generating 
recombinant adenoviruses. Proc. Natl Acad. Sci. USA 95:25009, 1998, 

• Anton & Graham. Site-specific recombination mediated by an adenovirus vector 
expressing the Cre recombinase protein: a molecular switch for control of gene 

expression J. Virol. 69;4600, 19^^ 

• Hitt, Addison & Graham. Human adenovirus vectors for gene transfer into 
mammalian cells. Adv. Pharmacol. 40:137, 1997. 

• Graham et al. Adenovirus vectors for gene therapy. PCT publications 

WO 95/00655 and WO 96/40955 (now U.S. patents 5,919,676; 6,120,764; and 
6.140,087, assigned to Advec, Inc). 
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• Pear, Nolan, Scott & Baltimore. Production of high-titer helper-free retroviruses by 
transient transfection. Proc. Natl. Acad. Sci. USA 90:8392, 1993. 

• Kinsella & Nolan. Episomal vectors rapidly and stably produce high-titer 
recombinant retrovirus. Hum Gene Ther 7: 1405, 1996. 

• Lindemann, Patriquin, Feng & Mulligan. Versatile retrovirus vector systems for 
regulated gene expression in vitro and in vivo. Mol Med 3:466, 1997. 

• Sadelain, Wang, Antoniou, Grosveld & Mulligan. Generation of a high-titer 
retroviral vector capable of expressing high levels of the human P-globin gene. 
Proc. Natl. Acad. Sci. USA 92:6728, 1995. 

5. If I wanted to make an hTRT expression vector in 1997, based on the discussion in the 
disclosure, I would have proceeded according to the same principles of vector construction that would 
be employed by any reader with appropriate experience, 

A typical procedure might be as follows: two plasmids would be prepared by recombinant 
DNA techniques using bacterial cells. One would contain the adenovirus backbone, missing the left- 
hand ITR and the El region, but including the rest of the adenovirus encoding region up to the right- 
hand ITR. The other would be a small shuttle plasmid. It would contain the left-hand ITR and 
packaging signals, followed by an expression cassette containing the hTRT encoding region under 
control of a suitable promoter replacing the El region. The expression cassette is flanked by two 
regions of 2 kb or more of adenovirus sequence shared with the backbone plasmid, permitting 
homologous recombination. The hTRT encoding sequence is provided in the disclosure, and could be 
cloned from any suitable library as described. A number of promoters would work. Many of the 
promoters listed on page 67 of the specification would be good choices. 

The two plasmids would then be opened with a restriction nuclease, and co-transfected into a 
eukaryotic host cell that could supply El function in trans. 293 cells are typically used for this 
purpose. Suitable transfection protocols known at the time were the calcium-phosphate method, and 
_ the lipofection mejhod. The plasmids would assemble together in the host cell by homologous 
recombination, replicate in the cytoplasm, and be packaged into replication-incompetent adenovirus 
vectors. 
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6. In the 10/143,536 application, an hTRT adenovirus vector is described in Example 4, and 
then used in the ischemic ear model in Example 6. This adenovirus vector was constructed by the 
vector group at Geron Corporation under my supervision. We used the commercially available 
AdMax™ system obtained from Microbix Biosystems Inc., Toronto Canada, which distributes kits on 
behalf of Advec, Inc. This system again uses an adenovirus backbone plasmid and a shuttle plasmid. 
Recombination is effected not by homologous regions in the plasmid, but by site-specific 
recombination using the F\p/frt system which is somewhat more efficient. 

Use of site-specific recombinase enzymes for assembling adenoviruses were already known 
and in use (WO 96/40955) at the time the present disclosure was first filed. Transcription is driven in 
our hTRT vector by the CAG system, containing the CMV enhancer and a modified chicken beta-actin 
promoter. The CAG system was also known (Kiwake, Endo et al. Hum Gene Ther 7:821, 1996) at 
the time this disclosure was first filed. 

7. The adenovirus vector made using the AdMax™ system for the 10/143,536 application 
contains an hTRT expression cassette in essentially the same functional arrangement as the vector 
made by homologous recombination in the manner described above. A vector made by homologous 
recombination would be expected to perform in the experiments described in the 10/143,536 
application in a similar fashion. 
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8. I hereby declare that all statements made in this Declaration of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further that these 
statements are made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States Code, 
and that such willful false statements may jeopardize the validity of the application, any patent issuing 
thereon, or any patent to which this verified statement is directed. 
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Inhibition of Experimental Liver 
Cirrhosis in Mice by Telomerase 
Gene Delivery 

Karl Lenhard Rudolph,^ Sandy Chang,^-^ Melissa Millard,^ 
Nicole Schrelber-Agus/ Ronald A. DePinho^* 

Accelerated telomere loss has been proposed to be a factor leading to end-stage 
organ failure in chronic diseases of high cellular turnover such as liver cirrhosis. 
To test this hypothesis directly, telomerase-deficient mice, null for the essential 
telomerase RNA (mTR) gene, were subjected to genetic, surgical, and chemical 
ablation of the liver. Telomere dysfunction was associated with defects in liver 
regeneration and accelerated the development of liver cirrhosis in response to 
chronic liver injury. Adenoviral delivery of mTR into the livers of mTR~'" mice 
with short dysfunctional telomeres restored telomerase activity and telomere 
function, alleviated cirrhotic pathology, and improved liver function. These 
studies indicate that telomere dysfunction contributes to chronic diseases of 
continual cellular loss-replacement and encourage the evaluation of "telom- 
erase therapy" for such diseases. 



Cirrhosis of the liver is the seventh leading 
cause of death by disease, affecting several 
hundred million people worldwide (/)■ In this 
chronic disease, a diverse array of hepatotox- 
ins, ranging from chronic viral hepatitis to 
alcohol, promotes continual hepatocyte de- 
struction that, in turn, stimulates abnormal 
patterns of hepatocyte regeneration and fi- 
brous scarring over many years (2). The re- 
sulting distortion of the liver architecture 
compromises^hepatocytc-fiinctionr- causing^ 
systemic life-threatening complications. Left 
unchecked, this pathological process culmi- 
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nates in fatal end-stage liver failure, marked 
by extensive fibrotic replacement and cessa- 
tion of hepatocyte proliferation (2. 3). 

Liver cirrhosis is characterized by the con- 
version of hepatic stellate cells into activated, 
myofibroblast like cells (2). It has been postu- 
lated that hepatocyte destruction itself serves as 
an activation signal for this conversion, possi- 
bly by the release of insulin-like growth factor 
or lipid peroxides from apoptotic cells (2). 
— Therefore, -fectors-that-govem-the-survivaUof- 
hepatocytes could potentially influence stellate 
cell activation and fibrogenesis. 

The second key aspect of temiinal liver 
failure, hepatocyte proliferative arrest, has 
been linked to several etiologic factors in- 
cluding altered hepatocyte-matrix interac- 
tions (2), growth inhibition by abundant 
transforming growth factor-pl (TGF-pl) 
{4)y and/or critical telomere shortening. The 
telomere hypothesis is a particularly appeal- 
ing one, because sustained hepatocyte turn- 
over accelerates the pace of telomere attrition 



in the human cirrhotic liver (5), thereby pre- 
sumably activating senescence or crisis 
checkpoints. The importance of telomere 
maintenance in long-term cellular and organ 
homeostasis has been experimentally verified 
in cultured human cells and in telomerase- 
deficient mice {6, 7). These mice lack the 
telomerase RNA (mTR) gene and show pro- 
gressive telomere shortening from one gen- 
eration to the next. In late-generation mice 
(e.g. generation 6), telomere dysfunction and 
genomic instability are associated with im- 
paired proliferation and/or apoptosis in organ 
systems with high renewal requirements, 
such as the bone marrow and the gut {8). In 
contrast, the liver is unperturbed and appears 
to function and develop normally even in 
late-generation mTR~'" mice (P). Here we 
use the mTR"'~ mice to evaluate the role of 
telomere shortening in chronic liver disease. 
Liver injury was induced in these animals by 
three experimental procedures to gauge how 
telomere shortening influences hepatocyte 
proliferation, survival, and ultimately predis- 
position to cirrhosis. 

The first system, the albumin-directed 
urokinase plasminogen activator (Alb-uPA) 
transgenic mouse, allows investigation of the 
factors governing hepatocyte regenerative ca- 
pacity, Alb-uPA expression has been shown 
to cause widespread hepatocyte death and 
liver failure in newborn mice {JO). However, 
60% of hemizygous transgenic mice survive 
-as a result-of-spontaneous-transgene deletion, 
in rare hepatocytes that then clonally expand 
to reconstitute the entire organ by 3 months 
of age (//). To assess the impact of loss of 
telomerase activity and telomere shortening 
on liver regeneration capacity, we monitored 
Alb-uPA transgene transmission as well as 
phenotypic differences in mTR"^'"*' mice and 
successive generations of mTR~'~ mice {12). 
Consistent with previous reports (//), we 
observed transmission rates of 31% for 
mTR^'"^ and 27% for second-generation 
(G2) mTR~'~ mice (Fig. lA). Because the 
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Rg. 1. Impaired liver regeneration and decreased survival of mTR"'~; Alb-uPA transgenic 
mice. (A) Decreased rate of Alb-uPA trance cairying G3 mTR~'~ mice. (B) De&yed 
body weight gain during postnatal development of Alb-uPA G3 mTR"'" mice com- 



pared with Alb-uPA mTR^'+ mice. Each group consisted of 30 mice. (C) (Left) Photo- 
graph of whole livers of 4-week-old Alb-uPA mTR*'"*" mice and Alb-uPA C3 mTR~'~ mice. 
SnrwUer regenerative nodules (red) in Alb-uPA C3 mTR"'" liver are apparent (Right) Histogram representation of nodule size in 2- and 4-week-old mice. Each group 
had 16 to 20 mice. (D) Photomicrographs of TUNEL (top) and PCNA immunohistochemistiy (bottom) of liver sections from Abl-uPA mTR"^'^ and Alb-uPA G3 
mTR"'~ mice. Increased numbers of TUNEL-positive cells (arrows) can be seen in the regenerative nodule (drded) in mTR"'" mfce (ban 100 pjn). (Inset) H&E slain 
of the border of a regenerative nodule (R. right) and the transgene-^xpressir^g liver (left) (bar: 100 jjtm). PCNA immunostaining (bottom) of regeneratinjg livers 
denrwnstrated decreased staining within regenerative nodules (circled) of 5-week-old Alb-uPA G3 mTR~'" mice compared with age-matched Alb-uPA mTR"^^ mice 
(bar: 100 yjn). 
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Fig. 2. Impaired cell cyde progression and anaphase bridging in regenerating mTR~^~ livers after partial 
hepatectonny. (A) Telomere length of peripheral blood lymphocytes detennined by Flow-FISH {13) in 8 
mTR'*^'^ and 10 06 mTR"'" mice before PH. (B) G2/M cell cycle block in regenerating hepatocytes of 06 
TK"'~ mice 72 hours after PH, as detennined by fbw cytometiy. (C) Delayed progressron through mitosis 
results in an increase in the mitotic index (left) and a shift from prophase to anaphase and metapl^ (right) 
in regenerating livers of 06 mTR"'" mice compared with livers from mTR"^'^ mice or 03 mTR"'" mfce 
(eight mice per group). (D) Anaphase bridges in H&E-stained regenerating liver sections of 06 mTR~'~ mice 
48 to 96 hours after PH. The anows point to chromatin bridges between the separating chromosomes. 
Anaphase from a mTR^^^ control liver is shown on the left for comparison (bars: 20 pm). 



G2 mTR"''" mice are telomerase-deficient yet 
still possess long, intact telomeres (7)» it ap- 
pears that telomerase activity itself is not a key 
determinant of hepatocyte regeneration poten- 
tial. In contrast, a decrease in transgene trans- 
mission (16% transgene-positive on postnatal 
day 12) and reciprocal rise in perinatal deaths 
became evident in G3 mTR~'" mice (Fig. 1 A). 
In addition, the few surviving Alb-uPA G3 
mTR"'" mice exhibited reduced fitness and 
poor weight gain relative to Alb-uPA mTR"*"''^ 
controls, whereas nontransgenic 03 mTR~'~ 
and mTR"*"'"^ animals were phenotypically in- 
distinguishable (Fig. 1 B). Flow-fluorescence in 
situ hybridization (FISH) telomere length mea- 
surements of peripheral blood lymphocytes 
documented the expected progressive decline in 
telomere lengths from Gl to G3 (7. 13). 

To assess clonal liver regeneration poten- 
tial in the surviving Alb-uPA transgenic 
mice, we monitored the growth of regenera- 
tive liver nodules, which are estimated to arise 
from about 20 cell doublings of a single trans- 
gene-negative hepatocyte (//). Impaired 
growth of regenerative nodules in the Alb-uPA 
G3 mTR"'~ livers was first detectable by 2 
_weeks ofage_Mdjnqst^pronounced by week 4 
(Fig. IC). The impaired macroscopic growth^f 
regenerative nodules in mice with shorter telo- 
meres correlated with a 3.6-fold increase in 
TUNEL (terminal deoxynucleotidyl transferase 
dUTP nick-end labeling>-positive apoptotic 
cells in the regenerative nodules (Fig. ID, top) 
(P = 0.003) and a decrease in proliferating cell 
nuclear antigen (PCNA>-positive S phase cells 
(Fig. ID, bottom). 

The second approach we used to test liver 
regenerative capacity was partial hepatecto- 
my (PH), surgical removal of two-thirds of 
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the liver (14). In this procedure greater than 
50% of hepatocytes follow a highly synchro- 
nized cell cycle reentry pattern, reaching peak 
S-phase activity at 24 to 48 hours, maximal 
mitosis at 72 hours, and cessation of cell 
division at 96 hours after PH. After this re- 
generative wave, normal organ histology is 
reestablished within 1 week (15). Consistent 
with the shorter telomere length of G6 
mTR"'" mice (Fig. 2A), the liver mass of G6 
mTR"'" mice at 72 hours after PH was 
reduced relative to mTR"^'"^ controls, despite 
comparable liver weight in G6 mTR~'~ and 
mTR^'"" mice not subjected to PH (9). In 
addition, although all mTR***^"^ mice were 
found to be ft-ee of lethal postoperative com- 
plications, 3 of the 10 06 mTR"'" mice died 
48 to 72 hours after PH. Interestingly, these 
compromised mice had shorter telomeres 
than the 06 mTR~'~ survivors (9). 

The impaired regeneration of post-PH liv- 
ers of surviving 06 mTR~'~ mice prompted 
us to analyze the regenerative profile of 06 
mTR~'~ hepatocytes by flow cytometry, mi- 
totic index determination, and bromode- 
oxyuridine labeling. These cells showed a 
normal onset of S phase at 24 hours after PH 
(9). In contrast, at 72 hours after PH, flow 
cytometry of cells from the regenerating liver 
front (16) revealed a two- to threefold in- 
crease in the G^/M fraction of 06 mTR"'" 
hepatocytes relative to mTR"*"'"^ and 03 
mTR~^" controls (Fig. 2B). This effect was 
also apparent microscopically as an increase 
in the number of mitotic figures (Fig. 20). 
Further classification of the mitotic profile 
demonstrated a decrease in the prophase frac- 
tion and a compensatory increase in the meta- 
phase/anaphase fraction (Fig. 2C). These data 
are consistent with impaired cell progression 
through mitosis, as opposed to a higher num- 
ber of cells entering mitosis. We propose that 
telomere loss may interfere with progression 
through mitosis because of the production of 
end-to-«nd chromosomal fusions, opposing 
kinetochore alignment, and anaphase bridges 
{17). Indeed, hemotoxylin and eosin (H&E)- 
stained liver sections at 48 to 96 hours after 
PH showed many aberrant mitotic figures 
and anaphase bridges only in the 06 
mTR~'~ liver samples (Fig. 2D). Together, 
these findings indicate that telomere dys- 
~functiori^delays~tlie~ mitotic progression-of- 
regenerating 06 mTR"'" hepatocytes and 
in turn delays the restoration of liver mass 
after surgical hepatectomy. 

The third approach we used to assess the 
impact of telomere dysfunction on liver re- 
generation was repeated toxin-mediated liver 
injury, which is known to culminate in liver 
cirrhosis. In humans, cirrhosis often results 
from the accumulated effects of years of sus- 
tained hepatocyte destruction and subsequent 
regeneration. This can be modeled in mice by 
repeated exposure to hepatotoxins such as 



REPORTS 

CCI4 {IS). In mice. 12 to 18 repeated appli- 
cations of CCI4 are required to induce modest 
liver cirrhosis, which is thought to be mech- 
anistically linked to hepatocyte necrosis {IH). 
Given the long length of mouse telomeres 
(/9), the promiscuous somatic expression of 
telomerase in the mouse liver, and the limited 
number of cell divisions after CCI4 treatment, 
the mTR~'~ mouse affords a system in which 
to test whether telomere dysftinction limits 
hepatocyte function and accelerates the de- 
velopment of liver cirrhosis. 

One consistent feature of the cirrhotic pa- 
tient is poor weight gain due to several fac- 
tors including hypermetabolism, malabsorp- 
tion, recurrent infections, and poor appetite 
(20). Another feature of the cirrhotic condi- 
tion is impaired bile drainage (cholestasis), 
leading to persistently elevated semm biliru- 
bin levels and jaundice {21). After 3 months of 
CCI4 treatment (22), the 06 mTR"'" mice 
showed significantly impaired gain of body 
weight compared with mTR^'^ or 03 
mTR"'" mice. After 6 months of CCI4 admin- 
istration, poor weight gain persisted in 06 
mTR~'" mice and became manifest in 03 
mTR~'" mice as well (Fig. 3 A). Marked in- 
creases of serum bilirubin levels were also seen 
in the 06 mTR~'~ mice after only two rounds 
of CCI4 (Fig. 3B). Finally, liver sections of 



mTR-^'^ and 03 mTR"'" mice, treated v 
six rounds of CCI4, exhibited mild lipid ac 
mulatton (steatosis) and minimal fibrosis (1 
30), whereas comparable sections from 
mTR''" mice showed pronounced steato 
centrilobular fibrosis, and inflammatory I3 
phocytic infiltrates — hallmarks of chronic 
patic injury and cinhosis (Fig. 30). 

To determine if telomerase administral 
could block the development of cirrhost! 
mice with dysfunctional telomeres, we c 
structed adenoviral vectors that would dii 
the expression of GFP (green fluorescent \ 
tein) alone or mTR-GFP to the livers 
mTR*^^ and 06 mTR"'" mice {23). In th 
studies, we verified that the mean telonr 
length in lymphocytes of 06 mTR~'~ n 
was ^70% reduced compared with thai 
mTR^'"*^ mice (Fig. 4A). Forty-eight he 
after delivery of 1 X 10'^ viral particles 
tail vein injections, telomerase activity ' 
detected in the liver but not in the spleei 
06 mTR~'" mice infected with the Ad-m' 
GFP virus (Fig. 4B. compare lane 5 with 1 
4), consistent with the strong liver tropisn 
adenovirus {24). Liver cryosections obtai 
at the same time demonstrated GFP fluo 
cence in 85 to 100% of liver cells. 

We next examined whether cirrb 
could be inhibited in 06 mTR~'~ mice 
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Rg. 3. Tetomerc shor- 
tening accelerates the 
development of cirrhosis 
in response to chronic 
liver damage. (A) Re- 
duced bod|y-weight gain 
in 06 mTR~'" mice 
compared with C3 
mTR~'" and mTR"^'^ 
mice after repeated liver 
injury (motTthly injec- 
tions of 10 jil of 10% 
per gram of bodjy 
weight), with six mke 
examiried per group. (B) 
A twofold increase of 
semm bllimbin in C6 
mTR~'~ mice compared 
with similarly treated 03 
mTR-'- and mTR"*^'"*^ 
mks (six mice per group) 
was seen after the sec- 
ond injection of CCI4. 
(C) H&E-stained (up- 
per; ban 50 jjLm)_and_ 
Masson-trichrome- 
stained (lower: bar 100 
fim) liver sections of 
mTR^'^, G3 mTR-'-. 
and C6 mTR"'~ mice 6 
nxMiths after repeated 
CQ4-induced liver injury. 
Maiked steatosis (vacuo- 
lated appearance) and fi- 
brosis (blue stain with 

Massan-trichrome, ar- / / /,. 

rows) are evident in livers of C6 mTR"'" mice but not in livers of mTR"^'"^ and C3 mTRj'j niioe. (fa 
High-power view of collagen deposition (blue stain) in the centrik)buUr areas of 06 mTR ' mice (ba 
jwn). 
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Telomere length is abnormally short in the CD8"^ T-cell compartment of human immunodeficiency virus type 
1 (HlV-l)-infected persons, likely because of chronic cell turnover Although clonal exhaustion of CDS'*' 
cytotoxic T lymphocytes (CTL) has been proposed as a mechanism for loss of antigen-specific responses, the 
hinctional consequences of exhaustion are poorly understood. Here we used telomerase transduction to 
evaluate the impact of senescence on CI L effector functions. Constitutive expression of telomerase in an 
HIV- 1 -specific CTL clone results in enhanced proliferative capacity, in agreement with prior studies of other 
human cell types. Whereas the CTL remain phenotypically normal in terms of antigenic specificity and 
requirements for proliferation, their cytolytic and antiviral capabilities are superior to those of control CTL. 
In contrast, their ability to produce gamma interferon and RANTES is essentially unchanged. The selective 
enhancement of cytolytic function in memory CTL by ectopic telomerase expression implies that loss of this 
function (but not cytokine production) is a specific consequence of replica tive senescence. These data suggest 
a unifying mechanism for the in vivo observations that telomere lengths are shortened in the CD8^ cells of 
HIV- 1 -infected persons and that HIV-l-specific CTL are deficient in perforin. Telomerase transduction could 
therefore be a tool with which to explore a potential therapeutic approach to an important pathophysiologic 
process of immune dysfunction in chronic viral infection. 



Human T lymphocytes havelhe capacity to undergo a finite 
number of cell divisions before entering replicative senescehce, 
a state in which cells remain metabolically active but arc inca- 
pable of further proliferation (14). A major feature of replica- 
tive senescence is the erosion of telomeres, the hexameric 
sequences located at the distal ends of eukaryotic chromo- 
somes, which function to stabilize the chromosome and pro- 
gressively shorten in length with each cell division (1, 5, 15). 
Telomeres and their accessory binding proteins are thought to 
serve as a mitotic counter of the number of divisions a cell has 
completed, triggering cell cycle arrest and replicative senes- 
cence when the telomere length is too short to ensure chro- 
mosomal integrity (7, 31 ). Cell senescence is thus considered to 
be a protective mechanism that prevents unlimited growth and 
tumorigenesis (12). 

T-cell clonal exhaustion in individuals chronically infected 
with human immunodeficiency virus type I (HlV-1) has been 
proposed as a mechanism of immune failure (3, 14), In support 
of this notion, abnormally short telomere length in the CD8 ' 
T^ir conipartment~of~infected-individuals-has-been-docu^ 
mented (13, 27, 36), suggesting that infection induces excessive 
CD8 ' T-cell turnover and/or activation, leading to accelerated 
telomere shortening and premature senescence. This observa- 
tion has significant implications, because CD8^ cytotoxic T 
lymphocytes (CTL) are believed to play a pivotal protective 
role in HIV- 1 infection (42). CTL are thought to suppress 
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viremia in acute infection (8, 21) and chronic infection (26) 
anci are potent inhibitors of HIV-1 replication in vitro (1 1, 40), 
yet it is unknown why they ultimately fail to control infection in 
the majority of infected persons (22). During the asymptomatic 
phase of infection, viral replication in vivo has been estimated 
at approximately 10'" virions per day (17, 34), and thus, CTL 
face a continuous antigenic challenge over years of infection. 
Replicative senescence due to chronic turnover and exhau.stion 
is therefore a potential contributing factor in the eventual 
failure of cellular immunity in HlV-1 infection (13). 

Recent .studies have demonstrated that transfection and 
constitutive expression of the catalytic subunit of human tC; 
lomerase reverse transcripta.se (hTERT) in various primary 
human cell types results in telomere lengthening and an in- 
creased proliferative life span with no apparent phenotype 
alteration (7, 31, 38). This strategy may therefore be useful in 
preventing replicative senescence in cells undergoing chronic 
turnover. Two published studies have examined the effects of 
oinsiitutive telomerase expression on CDS * T lymphocytes. 
RufeTet^lT^S^Metnoirstrate'd^l 

naive CDS"*^ T-cell clones extends their ability to proliferate 
over time without delectable alteration of phenotype or func- 
tion, and Hooijbcrg ct al. (18) achieved similar results with a 
melanoma-specific CD8 ' memory T-cell clone. However, it is 
unclear what effect telomerase has on virus-specific memory 
effector T cells that have proliferated to near senescence in 
response to antigen from a pathogen. In the case of HlV-1, 
persistent exposure to antigen leads to continuous turnover of 
virus-specific CTL over years. In this study, we evaluated the 
effects of telomerase transduction on HIV- 1 -specific CTL and 
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addressed the potential functional impact of tclomerase on 
memory T cells near the end of their replicative life span. 

MATERULS AND METHODS 

Polyclonal CDS"^ T-cell lines. CD8^ cell lines were derived from the periph- 
eral blocKl mononuclear celts (PBMC) of HIA A*02ni H I V-1 -seropositive pyr- 
tici pants in ihe Los Angeles Mulliccnter AIDS Cohori Suidy. These CVL- 
enriched lines were produced by coculturing 4 x 10" freshly Ficoll-isolated 
P»MC with 10'' autologous peptidc-pulscd PBMC (previously labeled with syn- 
thetic peptide SLYNTVATL, ILKEPVMGV, or LWVH^V YYG V at 10 ng,'ml for 
90 min) in Yssel's T-cell medium (Gemini Bio-Products, Woodland, Calif.) 
supplemented with u-glut amine, penicillin and streptomycin (both from Cellgro, 
Merndon, VaJ, and recombinant interleukin-2 (IL-2; Roche Diagnostics, India- 
napolis, Ind.). After 10 to 14 days, the C08 ■ T cells were purilied by magnetic 
cell sorting (Miltenyi Biolcc, Auburn. Calif.) and plated at 4 X 10*' cells-'well of 
a 12-well plate in Yssel's T-cell medium supplemented with 150 lU of 1 1 . -2 per 
ml. Cells were transduced with h TIiR T or the vector control at 4 weeks after 
primary stimulation and rcstimulated every 3 to 4 weeks with irradiated autol- 
ogous peptidc-pulsed lipstcin-Barr virus-transformed fi cells. Population dou- 
blings were determined by counting viable cells every I to 2 weeks. 

lilV-l -specific CTl« lilV-l specific CTl- clone 6SA62 was oiuained from the 
blood of an infected individual by cloning of PBMC at limiting dilution and 
characterized for specificity and HLA restriction as previously described (33). 
This clone recognized the A2-restricied epitope ll.KliPVHGV (I V9) in reverse 
transcriptase (amino acids 3(W to 317 in HXB2) and was carried in long-term 
culture by weekly rest imulal ion with anii-CD3 antibody and irradiated allogeneic 
feeder PBMC with 11,-2 as previously described (33), b^ach resli mutation was 
performed on 10'' CTL in a total volume of approximately 15 ml. Concentrations 
of viable cells were determined manually by light microscopy of trypan blue- 
cxposcd cells after each weekly expansion. 

Aniphotropic viral transduction vector containing iri^^K'l'. The amphotropic 
PA3 1 7 packaging cell hne (derived from the ecotropic packaging cell line PH501) 
containing stably transfecied retroviral vector pBABB with hTBRT cDNA 
(cloned from pGRN145) (7) was provided by Geron Corporation (Menio Park. 
Calif.). Supernalants containing rctrcn'rrus were har\'ested from plates at 40 to 
(}{)% confluence, passed through a 0.45-^Lm-pore-size tilter, and used to iiifect 
CTL. 

Transduction of CD8"^ T cells and CTL with hTERT. Two days after restimu- 
lation. the cells were cultured on RetroNectin (Takara Shuzo Co., Shiga. Jopan)- 
precoated T25 flasks (Falcon) and transduced with hTERT vector, empty control 
vector, or no vector for IH h. After transduction, the CIX were passaged in 
parallel with weekly restimulations. Clone 6SA62 was successfully transduced 
twice in independent experiments. 

Calculation of cell doublings. After restimulations of polyclonal CD8" T cells 
and CVL clones, the increase in the number of cells was used to estimate cell 
doublings in accordance with the following formula: doublings = log^Ctinal cell 
concentration/initial cell concentration). "I he sum of all prior doublings in pre- 
vious restimulations was designated the cumulative doublings of a cell line. 

Meosuremenl of telomerase activity (TRAP assay). A modified telomeric 
repeat amplilication protocol (TRAP) assay was used to detect telomerase ac- 
tivity (20). Measurement of telomerase activity in iran.sduced and control CTI. 
was performed with lysates of 10^ cells by using the TRAPeze kit (Oncor, 
Gaithershurg, Md.) in accordance with the manufacturer's protocol. The result- 
ing PCR products were then elect rophoresed on a 10% 19:1 acrylamide.'bisac- 
ryl amide gel. followed by Ph{>sphor imager analysis (Packard, t>owners Grove. 
111.) to visualize and quantitate the products. 

Chromium release assays. Standard chromium release assays were performed 
-by using- transduced-and con troUCrL-as-etrector-Cclls_(3*J). In brief, XI 
(expressing 11 LA A2) were labeled with 50 p,Ci of ^'Cr in the presence or 
absence of the IVM peptide at 10 ^tg/ml for 1 h. I'hese cells were then washed and 
plated in a %-well U-bottom plate at lO ' cells/'wetl. CTL were then added at the 
indicated ratios for a 4-h incubation, after which supernatant was analyzed by 
scintillation counting for '''Cr (MicroBeta 1450: HG&G VVallac). Spontaneous 
release was determined in the ab.sence of CTL, and maximal release was deter- 
mined in the presence of 2.5''/? Triton X-100 (Sigma). All wells were run in 
duplicate or triplicate, and specific lysis was calculated as follows: (experimental 
release - spontaneous release )/( maxima I release - spontaneous release). 

Peptide- major histocompatibility complex (MHC) tetramer analysis. Allophy- 
cocyan in -labeled \\\A A2 tetramcr containing the ILKLPVIIGV peptide was 
obtained from the National Institute of Allergy and Infectious Diseases MMC 
Tetramer Core Facility. Staining was performed by incubating CVi, with a preii- 
t rated dilution of tetrarner for M) min at 4"C as previously described (2(i). Celts 




Days in Culture Post-Transduction 

FIG. L Prolil'eralion of hTERT-lraiisduced polyclonal CDS' cells 
from HIV-l-infected individuals. Low-passage peplide-siimulated 
CD8 ' T-cell lines derived from the PBMC of five persons were trans- 
duced with HTERT or the control vector. The ceils were reslimulatcd 
approximately every 3 weeks. Mean cumulative cell doublings (the 
number of twofold increases required to achieve the change in cell 
numbers after restimulations) over lime are plotted for transduced 
versus nontransduced lines. Error bars represent ! standard deviation. 



were then analysed by using a FACScalibur flow cytometer and CellOuest soft- 
ware (Becton Dickin.son). , 

Intracellular cytokine measurement. Standard intracellular cytokine staining 
for gamma interferon (IFN--y) or RANTES was performed by usingi,conimercial 
reagents (BDBiosciences, San Diego, Calif.). Brietly, cells were Fir*t stimulated 
for 6 h with the anti-CD.3 antibody 12F6 (37) at 1 Mg^ml in the presence of 1 p,g 
of moncnsin per ml. The cells were then surface stained with PerCP-labelcd 
anti-CD8 antibody or an i.soiype control, fixed and permeabili>:ed in Cytofix/ 
Cytoperm buffer, and washed with Perm/Wash buffer. Intracellular staining was 
then performed with fluorescein isothiocyanate-labeled anti-lFN-7 antibody or 
an ti-R ANTES antibody (BD Pharmingen) and followed by analysis on a 
FACScalibur How cytometer with CellQucst .software (ik:cton Dickinson). 

Analysis of CTL ability to suppress IllV-1 replication. A functional assay to 
evaluate the ability of CI L to suppress viral replication was performed as pre- 
viously described (40). In brief, Tl cells were acutely infected with HIV- 1 HI B at 
a multiplicity of lO'*^ 50% tissue culture infective doses per cell. The Tl cells 
were then cocuhurcd in 24-well tlat-botlom plates at a ratio of 5 X I O'* cells to 
1 ,2.^ / l(^*^ CTL in 2 ml of medium. At the indicated time points, 1 ml of medium 
was removed for quantitative p24 antigen enzyme-linked immunosorbent as.say 
and replaced with fresh medium. 

RESULTS 

Telomerase transduction preserves the replicative capacity 
of polyclonal CD8"^ T cells. Ectopic telomerase transduction 
has been reported to prevent replicative senescence in primary 
CD8 ' T cells (18, 28). We tested the effect of hTERT trans- 
duction on the proliferation of-early-passage_polydojiaJ_hur^^ 
CD8' T-cell lines derived from HIV-l-infected individuals 
(Fig. 1). Proliferation of the transduced and contiol (vector- 
transduced) cells progressively diverged over time, and 
whereas the doublings of the nontransduced cells plateaued 
after approximately 400 to 500 days of culture, the transduced 
cells continued to proliferate at a constant rate. On average, 
the control cells stopped proliferating after a mean of 20 ± 5 
doublings over 589 ill? days, whereas the transduced cells 
continued proliferating beyond 800 days of follow-up (not 
shown). Telomerase activity, analyzed by the TRAP assay, was 
maintained in the transduced cell cultures but ab.sent in the 
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FIG. 2. Ectopic telomerasc aclivily in hTERT-transduced CTL, 
Telonierase activity, as measured by the TRAP assay, was tested in 
extracts from hTERT-transducea''*Und control CTL at 14 days after 
rest imulat ion, when endogenous lelomerase activity is quiescent. Te- 
lomerasc activity was rctlecled by DNA laddering (Jurkal cell positive 
control). Heat-treated cellular extracts (to inactivate telomerasc) 
served as negative controls. CTL (hTERT transduced, empty vector 
transduced, and nontransduced) from one passage after transduction 
(lanes 1 to 6) and six passages after Iransduclion (lanes 7 to 12) were 
evaluated. 



control cells (not shown). These results extend findings on the 
antisenescence effects of telomerasc on CD8 * T cells from 
HIV-l-infected persons. 

Telotnerase activity is maintained in hTERT-transduced 
HIV-l-specific CTL. To specifically study the effects of telotn- 
erase transduction on HI V-1 -specific CD8 ' T cells, we then 
transduced the human CDS' HI V-1 -specific CTL clone 
68A62, which recognizes an epitope in reverse transcriptase 
(39, 40). To verify successful transduction and expression of 
hTERT, we assayed these cells for telomerasc activity at 14 
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days afteTrestimulation (Fig."2)ra~time point-whcn-endoge— 
nous telomerasc activity had declined to undetectable levels. 
At the first passage after transduction, the hTERT-transduced 
cells already demonstrated significant activity, as seen by char- 
acteristic DNA laddering in a TRAP assay (Fig. 2. lane I). By 
the sixth passage after transduction, telomerasc activity had 
increased markedly (Fig. 2, lane 7), suggesting preferential 
expansion of cells ectopically expressing the transgene. It is 
worth noting that there was no experimental manipulation to 
enrich for transduced cells during passaging. Telomerasc ac- 
tivity was absent in the negative control nontransduced (Fig. 2, 
lanes 5 and 1 1) and empty-vector- transduced (Fig. 2, lanes 3 



FIG. 3. Growth of hTERT-transdueed CTL over repeated pas- 
sages. After hTERT transduction, cell doublings were calculated after 
each passage of 1 week. Cumulative cell doublings over time are 
plotted for nontransduced, vector-transduced, and hTERT-transduced 
CTL clones. 



and 9) cells at both passages analyzed. These results indicate 
that the CTL were successfully transduced with hTERT and 
suggest that transduction conferred a selective proliferative 
advantage. 

HIV-l-specific CTL transduced with hTERT exhibit en- 
hanced proliferative capacity. The proliferative capacity of 
CTL upon repeated stimulation in vitro dramatically decreases 
as they are serially passaged (Fig. 3 and unpublished observa- 
tions). To determine whether introduction of telomerasc had 
an effect on the growth of CTL, we followed their rate of 
expansion for multiple passages after transduction (Fig. 3). 
Immediately after transduction, hTERT-transduced and con- 
trol CTL proliferated to similar degrees. However, with further 
passaging, the control CTL showed blunted levels of prolifer- 
ation in comparison to the hTERT-expressing cells. The ex- 
pansion of the cells still remained dependent upon stimulation 
(by anti-C'D3 antibody and irradiated feeder cells) and IL-2, 
and their growth plateaued about 7 to 10 days after each 
restimulation (not shown). Thus, ectopic expression of telqm- 
era.se in the CTL led to relative preservation of proliferative 
potential over time a)mpared to that of untransduced . cells, 
without evidence of transformation. 

Antigen-specific lytic function is preserved in hTERT-trans- 
duced but not nontransduced CTL. To evaluate the effect of 
constitutive telomerase expression on the peptide-spccific lytic 
-function of-CTL,-killing of-peptidezloaded_tarfi et cells by ch ro- 
mium release as.say was evaluated after each passage (Fig. 4). 
Whereas the level of killing by control CTL dropped steadily 
over time, cytolytic activity was maintained by hTERT-trans- 
duced CTL for approximately 10 weeks. In agreement with 
published observations on HIV-l-specific CTL, cytolysis by 
these CTL was mediated entirely through the calcium-depen- 
dent proteolytic pathway and not through apoptosis (not 
shown). These data suggest that telomerasc activity contrib- 
uted to the preservation of proteolytic cytolytic function in 
these ceils over time. 

Loss of lytic function in nontransduced CTL is not due to 
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FIG. 4. Anligen-specific lytic activity of hTERT-lransduced CTTL 
over repeated passages. After each passage, aintrol and hTERT-trans- 
duced CTL were evaluated for the ability to kill peptidc-loadcd target 
cells (the Tl cell line matched at HLA A2. loaded with the IV9 
peptide) as measured by a standard chromium release assay. Results 
obtained at an cffeclor-to-largcl cell ratio of 5:1 are shown; similar 
results were obtained at lower ratios. Target cell killing was peptide 
specific in all cases (not shown). These data are representative of two 
independent transduction experiments. In both experiments, c7tolytic 
activity in the hTERT-transduced CTL waned after about 10 weekly 
passages (not shown). 



overgrowth of nonspecific cells. To exclude the possibility' that 
loss of killing activity in the nontransduced cells was due to 
overgrowth of non-reverse-transcriptase-specific ceils lacking 
the appropriate T-cell receptor (TCR), the cultures were an- 
alyzed by peptide-MHC tetramer staining (Fig. 5). This anal- 
ysis indicated that both hTERT-transduced (100%) and non- 
transduced (96%) CTL expressed the TCR recognizing the 
Hl-A A2-restricted epitope ILKEPVHGV, although the inten- 
sity of staining for both CD8 and the TCR was lower in the 
nontransduced cells. Thus, the waning of cytolytic activity in 
the control CTL was not due to dilutionai loss of CTL with 
continued passaging. 



IFN-7 and RANTES production is relatively unaffected by 
hTERT transduction of CTL. We evaluated the ability of CTL 
to produce cytokines associated with important effector func- 
tions, namely, IFN-7, whose synthesis is induced by antigenic 
stimulation (19), and RAJVTES; which is presynthcsized and 
stored in cytolytic granules of CTL at rest (32), By using in- 
tracellular staining, we evaluated telomerase-transduced and 
control CTL for the ability to generate IFN-7 in response to 
stimulation (Fig. 6) and RANTES at baseline (Fig. 7). Produc- 
tion of both of these cytokines was similar, regardless of 
telomerase transduction status, IFN-7 staining intensity was 
induced 4.3-fold in hTERT-transduced CTL, compared to 
4.5- and 5.7-foId in control CTL. RANTES in CTL at rest 
produced mean fluorescence intensities of 17.0 for hTERT- 
transduced cells and 13.3 and 15.5 for control cells. Thus, 
telomerase transduction did not appear to markedly affect 
production of these cytokines by CTL, in contrast to the effects 
on cytolytic function. 

Telomerase transduction enhances the antiviral function of 
HFV-l -specific CTL. Finally, we evaluated the antiviral func- 
tion of CTL in coculture with acutely HI V-1 -infected cells (Fig. 
8). Control nontransduced CTL decreased HI V-1 replication 
about 10-fold, similar to previously published studies with this 
clone (40, 41). However, hTERT-transduced CTL were an 
order of magnitude more efficient, exerting about 100-fold 
suppression of viral replication. Thus, ectopic telomerase ac- 
tivity appears to preserve or augment the antiviral function of 
CTL in parallel with its effects on cytolytic functic^. These 
observations are consistent with the central role of cyto lysis in 
the ability of CTL to suppress HlV-1 replication (40), 

DISCUSSION 

T cells differ from most human somatic cells in that they 
express telomerase transiently during differentiation and acti- 
vation (6, 10, 16, 35). Nevertheless, the level of telomerase 
activity induced in memory T cells declines with repeated stim- 
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FIG. 5. TCR expression by hTERT-lransduced CTL Control and hTERT-lransduccd CTL passaged for 6 weeks after transduction were 
assessed for expression of the appropriate TCR by How cytometric analysis of CDS and TCR expression by antibody and peptidc-MI IC tetramer 
binding. Untransduced CTL were %% positive ft)r CD8 and TCR, and hTERT-transduced CTL were 100% positive. The mean fluorescence 
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clone recognizing a different epitope) is also shown; these cells were 97% CDS positive and TCR negative by tetramer staining, with a CDS mean 
fluorescenec intensity of 767. 
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FIG. 8. Suppression of HIV-1 replication by hTERT-transduced 
CTL. Control and hTERT-transduced CTL passaged for 7 or 8 weeks 
after transduction were cocuUured with acutely M IV- 1 -infected Tl 
cells (L25 X 10' CTL with 5 X 10'' Tl cells infected with HIV-1 IIIB 
at 10'- 50% tissue culture infective doses per cell), and viral replica- 
tion was measured by serial quantitative p24 antigen enzyme-linked 
immunosorbent assays. (A) Viral replication in the absence or pres- 
ence of CTL after seven passages is plotted. (B) Suppression of HIV-1 
replication after 7 days of coculture is plotted. The bars represent the 
means of independent experiments with CTL after 7 and S weeks of 
passage, and the error bars represent 1 standard deviation. 



cytolytic effector function of CTL and that the defect is at least 
partially preventable by hTERT transduction. Telomere short- 
ening and replicative senescence may therefore be important 
contributing factors in the inability of CTL to contain HFV-l 
infection in vivo, which is a topic of intense discussion (4, 22, 
23). Consistent with this hypothesis, HIV-1-specific CTL in 
vivo have been found to contain reduced levels of perforin 
compared to cytomegalovirus-specific CTL in the same per- 
sons, suggesting a specific defect in the lytic pathway (2). In- 
triguingly, a recent study has shown that long-term nonpro- 
gressing HIV-1 infection appears to be associated with 
perforin production and proliferative capacity of HIV- 1 -spe- 
cific CTL and that these arc linked (25). Finally, the decrease 
in CDS and/or TCR expression we noted in the nontransduccd 
CTL could play a role in diminished antiviral function by 
reducing the sensitivity of CTL for their target cells. It has been 
noted that some HIV-1 epitopes may be presented by infected 
cells at a limiting concentration (29, 39), and a decrease in 
TCR and CDS expression could therefore have a significant 
impact on infected cell recognition by CTL. In sum, chronic 
turnover and shortened telomeres in HIV-1 -specific CTL 
cbuld thus lead to diminished antiviral-activity in vivo through^ 
one or a combination of these mechanisms. 

In contrast to its effects on cytolytic and antiviral functions, 
telomcrase transduction did not markedly affect the ability of 
CTL to produce two important cytokines. Production of both 
IFN-7, which is induced by antigenic exposure (19), and R AN- 
TES, which is constitutively produced but stored in the cyto- 
lytic granules for release upon antigenic exposure (32), was 
maintained in the absence of ectopic telomcrase activity. This 
suggests either that telomcrase transduction of presenescent 
CTL cannot prevent defects in cytokine production or, more 
likely, that production of these cytokines does not wane as 



dramatically with senescence as lytic activity. Although sup- 
pression of HIV-1 replication by CTL in vitro has been shown 
to occur through cytokine (including chemokine)- and cytoly- 
sis-mediated pathways (11, 40), the cytolytic activity of CTL 
appears to add several orders of magnitude of inhibition over 
that of cytokines alone (40). A preferential diminution of cy- 
tolytic function by senescence would therefore be predicted to 
result in loss of antiviral activity, consistent with our finding 
that suppression of HIV-1 by CTL is enhanced by telomcrase 
transduction. Importantly, because the most widely used new 
technologies for CTL quantitation in vivo (9) rely on detection 
of IFN-7 responses or direct binding of the TCR, they do not 
reflect the lytic or antiviral activity of these CTL. As a result, 
these assays may fail to detect dysfunction induced by senes- 
cence. 

The lytic ability of the transduced cells did eventually wane 
after about 10 weeks of continuous passaging. This was in 
contrast to the observation of Rufer et al., who found that 
hTERT-transduced CD8 * T cells became essentially immortal 
(28). The reason for this difference is unclear, but it could be 
related to the fact that the HlV-1-specific CTL were already 
nearly senescent at the time of transduction. Moreover, others 
have found that even telomerase-transduced T cells may still 
be subject to exhaustion (24). The T cells used in our study 
were originally cloned from the blood of a' chronically HIV-1- 
infected individual and passaged for a long time in vitro and 
were therefore likely to be closer to senescence than cells 
previously studied by other groups. Further study is required to 
confirm the etiology of this difference. 

In conclusion, ectopic expression of hTERT in HlV-l-spe- 
cific CTL leads not only to enhancement of the replicative 
capacity of these cells but also to preservation of cytolytic 
effector function and antiviral activity. These findings have 
ramifications for our understanding of the consequences of 
chronic CTL turnover in HIV-1 -infected individuals and sug- 
gest that cellular immune dysfunction is at least partially pre- 
ventable by telomcrase transduction. In sum, these data sug- 
gest that telomcrase transduction is a potential novel 
experimental approach by which to dissect the mechanisms of 
immune dysfunction induced by chronic HIV-1 infection or 
other conditions under which chronic turnover leads to T-cell 
senescence. 
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Constitutive Human Telomerase Reverse Transcriptase 
Expression Enhances Regenerative Properties of 
Endothelial Progenitor Cells 

Satoshi Murasawa, MD, PhD; Joan Llevadot, MD; Marcy Silver, BS; Jeffrey M. Isner, MDt; 
Douglas W. Losordo, MD; Takayuki Asahara, MD, PhD 

Background — The regulatory molecule for cell life span, telomerase, was modified by human telomerase reverse 
transcriptase (hTERT) gene transfer to investigate its effect on regenerative properties of endothelial progenitor cells 
(EPCs) in neovascularization. 

Methods and Results — Telomerase activity was enhanced in hTERT- transduced EPCs (Td-TERTs) (1.2-fold versus no 
transduced EPCs [no-Td] and 1.2-fold versus GFP-transduced EPCs [Td/GFPs] at day 8; 5,2-fold versus no-Td and 
4.8-fold versus Td/GFP at day 21, respectively) Mitogenic capacity in Td/TERTs exceeded that in Td/GFPs at day 8 
(0.62±0.02 versus 0.53±0.01, respectively; P<0.01). Vascular endothelial growth factor-induced cell migration in 
EPCs was markedly enhanced by hTERT overexpression (Td/TERTs versus Td/GFPs, 292±12 versus 174±6 cells, 
respectively; P<0.0\). hTERT overexpression has rescued EPCs from starvation- induced cell apoptosis, an outcome 
that was further enhanced in response to vascular endothelial growth factor. The colony appearance of totally 
differentiated endothelial cells (tdECs) was detected before day 30 only in Td/TERT, whereas no tdEC colonies could 
be detected in both Td/GFPs and no-Tds. Finally, we investigated in vivo transplantation of heterologous EPCs. 
Td/TERTs dramatically improved postnatal neovascularization in terms of limb salvage by 4-fold in comparison with 
that of Td/GFPs; limb perfusion was measured by laser Doppler (0.77±0.10 versus 0.47±0.06; P=0.02), and capillary 
density (224±78 versus 90±40 capillaries/mm^ F<0.01). 

Conclusions — These findings provide the novel evidence that telomerase activity contributes to EPC angiogenic 
properties; mitogenic activity, migratory activity, and cell survival. This enhanced regenerative activity of EPCs by 
hTERT transfer will provide novel therapeutical strategy for postnatal neovascularization in severe ischemic disease 
patients, (Circulation. 2002;106:1133-1139.) 

Key Words: telomerase ■ gene therapy ■ stem cells, endothelial ■ angiogenesis ■ ischemia 



The plasticity of stem and progenitor cells is attracting the 
attention to regenerative application to many inherited 
and acquired diseases. The regenerative potential of bone 
marrow- derived endothelial progenitor cells (EPCs)^-^ has 
been previously demonstrated in animal models of myocar- 
dial* and limb^ ischemia, via ex vivo expansion and incorpo- 
ration into foci of neovascularization. Physiological evidence 
of neovascular function in these preclinical animal models 
disclosed an improvement in myocardial function or a high 
rate of limb salvage. Despite promising applications for tissue 
regeneration, the limited endogenous pool, the possible func- 
tional impairment_associatedwith_a vmiety of physiological 
and pathological phenotypes on clinical patients, and the 
finite replicative feature of EPCs for ex vivo expansion 



constitute potentially important liabilities for autologous 
transplantation. We hypothesized that gene transfer can be 
used to achieve phenotype modulation of EPCs to overcome 
this issue. Very recently, our laboratory has determined the 
impact of vascular endothelial growth factor (VEGF) gene 
transfer on certain properties of EPCs in vitro and the 
consequences of VEGF EPC transfer on neovascularization 
in vivo.s 

Most somatic cells of humans and other mammals undergo 
a finite number of cell divisions, ultimately entering a 
nondividing state termed senescence.^-* ^ Loss of telomerase 
activity has been suggested to constitute the molecular clock 
that triggers cellular senescence, ^^as-in-contrast to somatic - 
cells, true stem cells and germline cells highly express the 
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catalytic subunit of telomerase (human telomerase reverse 
transcriptase [hTERT]),'^-'^ thus maintaining telomerase ac- 
tivity and full replication of telomeric DNA; these cells (by 
definition) are thereby able to divide indefinitely.^'' Although 
demonstrating regenerative potentials for vascular develop- 
ment, EPCs are not pluri potent, self-renewing stem cells, but 
rather lineage-committed progenitors, and are thus subject to 
a Hayflick life span'^ via replicative senescence. Accord- 
ingly, we have deduced that constitutive expression of 
hTERT might induce delay in senescence and recover/ 
enhance regenerative properties of EPCs. Ectopic expression 
of the hTERT gene has been investigated as a means to 
bypass senescence; indeed, this strategy has been used 
successfully to impart replicative immortality to fibroblasts 
and retinal pigment epithelial cells without converting 
either to a transformed neoplastic phenotype.^o ^i The immor- 
talized blood vessel-derived endothelial cells (ECs) similarly 
exhibited neither evidence of malignant transformation nor 
loss of functional and morphogenetic characteristics of the 
parental cells.22 Such hTERT-transduced (Td-hTERT) EC 
lines appeared more resistant to programmed cell death, 
exhibited a survival advantage beyond replicative senes- 
cence,22 and had improved NO production compared with 
that of control senescent cells.^^ 

These findings have encouraged consideration of potential 
therapeutic applications of hTERT gene transfer to achieve 
functional improvement in EPCs through delay in senescence 
and recovering/enhancing regenerative properties of EPCs. 

Methods 

EPC Culture and Gene Transfer 

Total peripheral blood mononuclear cells were isolated from human 
volunteers by density-gradient centrifugation. After 4 days in culture, 
nonadherent cells were removed by washing with PBS, new media 
was applied, and the culture was maintained through day 7 or later.^* 
In the culture of EPCs after day 7, reseeding was performed once a 
week. Both Ad/hTERT (Ad5CMVe/p-actin pro/hTERT AE3) and 
Ad/GFP (Ad5CMV/GFP AE3) were provided by Geron Inc (Menlo 
Park, CaliO- Briefly, the recombinant adenoviruses were constructed 
by homologous recombination between the parental virus genome 
and the expression cosmid cassette or shuttle vector as described.^^-^* 
Day-7 cultured EPCs were transduced with 500 MOI of Ad/hTERT 
or Ad/GFP in endothelial cell growth media (EGM-2) supplemented 
with 1% fetal bovine serum for 3 hours, and the next day, transduced 
EPCs were reseeded or assayed. 

Reverse Transcription-Polymerase Chain Reaction 

Cells with or without adenovirus gene transduction were lysed in 
RNA lysis buffer (Ambion). RNA was extracted by use of an RNA 
extraction kit (Ambion). DNAase digestion was performed after 
RNA extraction. The reverse transcription-polymerase chain reac- 
tion (RT-PCR) was performed by a system according to the 
manufacturer (Clontech). The primers for RT-PCR in the hTERT 
gene were follows: sense, CACCTCACCTCACCCACgCgAAA; 
antisense, CCAAAgAgTTTgCgACgCATgTT. 

Telomeric Repeat Amplification Protocol Assay 

EPCs were washed with PBS and 1X10' cells were lysed in 200 fjiL 
of 3[(3-cholamidopropoyl)-dimethylammonio]-I-propane-sulfonate 
(CHAPS) lysis buffer (10 mmol/L Tris-HCl at pH 7.5, 1 mmol/L 
MgClz, 1 mmol/L EGTA, 0.1 mmol/L benzamidine, 5 mmol/L 
)3-mercaptoethanol, 0.5% w/v CHAPS, 10% w/v glycerol). The 
homogenate was incubated on ice for 30 minutes and centrifuged at 
12 000^ for 30 minutes. An aliquot of 2 ^L of this supernatant (1000 



cell equivalents) was used for PCR amplification to detect the 
telomerase products. Telomerase products were amplified with the 
downstream reverse primer (RP; 5' GCGCGG (CTTACOa CTA- 
ACC 3') and the upstream primer telomerase substrate (TS; 5' 
AATCCGTCGAGCAGAGTT 3'); 293-cell extract was used for 
positive control. 

SA-jS-Gal Activity Assay 

EPC senescence was investigated by senescence-associated 
j3-galactosidase (SA-p-Gal) activity assay described previously." 

Proliferation and Migration Assays 

Proliferative activity of transduced EPCs was evaluated using the 
MTS assay (MTS Assay, Promega).^* EPC migration was evaluated 
using a modified Boyden chamber assay .^^ 

Apoptosis Assay 

To detect the frequency of cellular apoptosis, fluorescence-labeled 
Annexin-V-FLUOS staining of transduced EPCs was performed 
according to manufacturer's instructions (Roche Molecular 
Biochemicals).^* 

EPC Differentiation Colony Assay 

Transduced EPCs were cultured as described above and reseeded 
once per week. Colony appearance of totally differentiated ECs 
(tdECs) was studied under phase contrast microscopy 3 days per 
week. Established colonies were evaluated as tdECs by use of assays 
for l,r-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine per- 
chlorate (acLDL-Dil) incorporation and Matrigel tube formation. 
Incorporation of acLDL-Dil typically appears less intense in tdECs 
(stain moderately within 1 hour with 20 fjig/mL acLDL-Dil) than in 
the less differentiated EPCs (stain strongly within 30 minutes with 5 
/utg/mL acLDL-Dil). Non-EC — including fibroblasts, myoblasts, and 
epiblasts — do not incorporate acLDL. Within 12 hours, tdECs form 
complete capillary-like tubes in Matrigel (Becton Dickinson 
Labware).*-^^ 

Murine Hindlimb Ischemia Model 

The impact of EPC administration on therapeutic neovascularization 
was investigated in a murine model of hindlimb ischemia, by use of 
athymic nude or severe combined immunodeficient mice.^'-^' Athy- 
mic nude mice (Jackson Labs, Bar Harbor, Maine), age 8 to 10 wks 
and weighing 17 to 22 g, were anesthetized with 160 mg/kg 
pentobarbital intraperitoneally for operative resection of one femoral 
artery, and subsequently for laser Doppler perfusion imaging (LDPI; 
Li sea) .28.32,33 Immediately before euthanasia, mice were injected 
with an overdose of pentobarbital. One day after operatively induced 
hindlimb ischemia, the athymic nude mice, in which angiogenesis is 
characteristically impaired,^'* received an intravenous injection of 
1.5X10* culture-expanded EPCs transduced with Ad/hTERT (Td/ 
hTERT) or Ad/GFP (Td/GFP). Tissue sections were stained for 
alkaline phosphatase by use of indoxyltett-azolium to detect capillary 
ECs, as previously described^^ and were then counterstained with 
eosin. 

Results 

Time Course of hTERT Overexpression After 
Adenoviral Transduction 

RT-PCR was performed to evaluate the hTERT expression 
level after adenoviral transduction. Endogenous hTERT was 
observed only in day- 10 nontransduced EPCs (no-Td). On the 
other hand ectopic hTERT was highly expressed at day 10, 3 
days after Ad/hTERT transduction, and was gradually re- 
duced during cultivaring EPCs. Reseeding was performed 
days 4 and 7 after isolation and once a week after day 7. 
(Figure 1). 
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Figure 1. Expression of hTERT mRNA level. RNA 
samples from EPCs with or without Ad/hTERT 
were analyzed by RT-PCR for the expression of 
hTERT. GAPDH served as internal standard. (+) 
indicates EPCs transduced with Ad/hTERT at 
day7; (-), EPCs without adenoviral transduction. 



Telomerase Activity After hTERT Overexpression 

HFC gene modification was performed using adenovirus- 
encoding hTERT or green fluorescent protein (GFP; Ad/ 
hTERT and Ad/GFP, respectively). Cultured EPCs. trans- 
duced on day 7 with Ad/hTERT and Ad/GFP (Td/hTERT or 
Td/GFP, respectively), as well as no-Tds, were assayed for 
telomerase activity at 1, 7, and 14 days after transduction 
(days 8, 14, and 21 in culture, respectively). Telomerase 
activity appeared robust in no-Td EPCs at day 8 but was 
dramatically reduced by days 14 and 21 (Figure 2A). After 
gene transfer, telomerase activity was enhanced in Td/hTERT 
EPCs (1.2-fold versus no-Td and 1.2-fold versus Td/GFP at 
day 8; L5-foId versus no-Td and 1.2-fold versus Td/GFP 
at day 14; 5.2-fold versus no-Td and 4.8-fold versus Td/GFP 
at day 21) (Figure 2B). 



SA-/3-Gal Activity in EPCs 

The impact of hTERT expression on EPC senescence was 
evaluated by SA-)3-Gal activity assay to confirm the result of 
telomerase activity. At day 8, SA-)3-Gal-positive cells were 
equally rare among no-Td. Td/hTERT, and Td/GFP EPCs 
(0,13%±0.02 versus 0.07%±0.01 versus 0.27%±0.02; 
P=NS). At day 14, the proportion of SA-)3-Gal positive cells 
was increased (*^5%) in no-Td and Td/GFP EPCs; among 
Td/hTERT, however, a very low proportion of senescent cells 
(no-Td versus Td/hTERT versus Td/GFP, 5.13%±0.30 ver- 
sus 0.20%±0.02 versus 5.0%±0.30; P<0.0\) were observed. 
By day 21, the proportion of SA-)3-Gal-positive cells in 
no-Td and Td/GFP EPCs was markedly increased versus 
Td/hTERT (no-Td versus Td/hTERT versus Td/GFP, 
25.2%±0.4 versus 5.4%±0.2 versus 24.2%±0.5; P<0.01) 
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Figure 2. Telomerase activity in Td/hTERT, Td/GFP, and no-Td EPCs. EPCs were transduced on culture day 7 with adenovirus- 
encoding hTERT or GFP (Td/hTERT or Td/GFP, respectively) or no vector (no-Td). EPCs from 1 , 7, and 14 days after transduction (cul- 
ture days 8, 14, and 21, respectively) were used for telomerase activity assay. A, An aliquot of 2 /xL of this supernatant (1000 cell 
equivalents) was used for PCR amplification to detect the telomerase products. Positive control indicates cell extract from positive con- 
trol; heat inactivated, heat inactivated sample; and HUVEC, cell extract from human umbilical vein endothelial cell. B, Quantification of 
telomerase activity was performed to identify the total product generated (IPG) by densitometry of the digitized image (CTL indicates 
no-Td; TERT, Td/hTERT; and GFP, Td/GFP). 
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Figure 3. Senescence assay. A, EPC senescence was evaluated 
by acidic-)3-gal staining. Representative photomicrographs show 
SA-^-ga!-positive cells (blue) in no-Tds, Td/hTERTs, and 
Td/GFPs at day 21 . B, Quantification of ^-gal-positive cells was 
performed in no-Tds, Td/hTERTs, and Td/GFPs at days 8, 14, 
and 21 , respectively. The number of blue cells was manually 
counted from a total of 2000 cells. By day 21 , the proportion of 
SA-p-Gal-positlve cells in no-Tds and Td/GFPs was markedly 
increased versus Td/hTERTs. A statistically significant reduction 
in )3-ga!-positive (senescent) cells was documented among 
Td/hTERT EPCs at days 14 and 21 . 



(Figure 3A and 38), The results suggest that hTERT expres- 
sion facilitates delay in senescence. 

Effect of hTERT Overexpression on 
EPC Differentiation 

The finding of enhanced EPC differentiation also supports the 
contribution of hTERT overexpression. During long-term 
follow-up, colonies of tdEC were observed at day 30 only in 



Ad/TERT-transduced EPCs, whereas no-Td and Td/GFP 
cells detached before day 30, yielding no colonies in either 
group at this time point (Figure 4 A). Incorporation of acLDL- 
Dil was evaluated to distinguish functional difference be- 
tween tdECs and undifferentiated cells. The centrally located 
tdECs were identified by typically less intense uptake of 
acLDL-Dil versus the peripherally located, intensely stained, 
undifferentiated cells (Figure 48). Colonies of tdECs formed 
sheetlike monolayers; the maximum number of colonies 
averaged 38 per 35-mm well (Figure 4C). The tdECs also 
formed capillary-like structures when reseeded in Matrigel 
(Figure 4D), The tdECs were equivalent to control differen- 
tiated ECs (human umbilical vein ECs and human microvas- 
cular ECs), both in terms of capillary-like response in 
Matrigel and of FACS analysis of endothelial surface mole- 
cule expression (data not shown). Follow-up (40 days) of 
Td/hTERT and Td/GFP EPCs disclosed no evidence of 
neoplastic transformation, including neither loss of contact 
inhibition nor unchecked cellular proliferation. 



EPC Mitogenic and Migratory Activity After 
hTERT Overexpression 

The impact of hTERT overexpression on regenerative poten- 
tial was apparent from analysis of angiogenic profiles in 
hTERT overexpressing EPCs. MTS assay demonstrated that 
mitogenic potential after Td/hTERT transduction exceeded 
that in Td/GFP at day 8 (0.62±0.02, 0.53±0.01, respectively; 
P<0.001) (Figure 5A), Similarly, migratory activity in EPCs 
after hTERT transduction was analyzed in a modified Boyden 
chamber assay. VEGF-induced cell migration was markedly 
enhanced by hTERT overexpression (Td/hTERT versus Td/ 
GFP, 292±12 versus 174±6 cells/4 fields, respectively; 
P<0,00\) (Figure 58). 




I Figure 4. Assay of EPC differentiation. A, 
; The colony appearance of tdECs was 
I detected up to day 30 only in Ad/TERT- 
1 transduced EPCs. Upper panels show 

phase-contrast photomicrographs of the 
I colony appearance of tdECs. B, acLDL- 
1 Dil incorporation: undifferentiated EPCs 
I at the perimeter incorporated more 
acLDL-Dil than centrally located tdECs. 
The photo was taken 1 hour after adding 
acLDL-Dil. C, Number of colonies con- 

sisting of .tdECs_alday^0. Maximum 

I number of colonies was m=38 per " ^ ^ 
I 35-mm well. Colonies were detected 
only in Td^TERT culture dishes. 
P<0.001 vs Td/GFP and no-Td. D, Rep- 
resentative findings of tube formation 
assay. At day 30, 5x10^ tdECs were 
seeded on Matrigel-coated plates. The 
EGM-2 media was supplemented with 
VEGF and incubated at 37°C for 12 to 24 
hours. Tube formation was imaged by 
use of an inverted phase contrast micro- 
scope. Photos were taken 12 hours after 
reseeding. Right panel is a higher magni- 
fication of the left panel. 
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Figure 5. In vitro analyses after EPC 
transduction. A, Proliferative activity 
assay at day 8. The increase in mitogen- 
ic response of Td/hTERT was statistically 
significant in comparison with Td/GFP 
(P<0.001 vs Td/GFP). (TERT indicates 
Td/hTERT; GFP, Td/GFP) B, Migratory 
activity assay at day 8. Migratory effect 
induced by VEGF was statistically 
increased in Td/hTERT compared with 
Td/GFP (P<0.001 vs Td/GFP). 



EPC Survival After hTERT Transduction 

The effect of hTERT nnodulation on EPC resistance to 
apoptosis was also evaluated, Immunofluorescent staining 
with Annexin-V and Hoechst33342 established that 
starvation-induced EPC apoptosis was markedly reduced 
after hTERT gene transfer. MTS assay (shown in Figure 5A) 
also supported these results. This outcome was amplified 
after VEGF administration (Figure 6). 

Physiological Impact In Vivo After 
Transplantation of hTERT-Transduced EPCs 

Given the impact on regenerative features, EPC transplanta- 
tion was performed to assess the corresponding physiological 
impact in vivo after hTERT gene modification. After 1-week 
ex vivo expansion, 1.5X10"^ human EPCs were transduced 
with Ad/TERT or Ad/GFP and administered intravenously to 
athymic nude mice with unilateral hindlimb ischemia (n=18 
each). Compared with mice transplanted with Td/GFP, mice 
transplanted with Td/TERT demonstrated enhanced perfusion 



measured by LDPI (0,77±0.10 versus 0.47±0.06 in arbitrary 
units measured by LDPI; P=0.02) (Figure 7B). The physio- 
logical relevance of this finding was underscored by the fact 
that salvage of the ischemic limb was significantly improved 
among mice transplanted with Td/TERT versus Td/GFP 
(P<0.01) (Figure 7A). Capillary density, evaluated in histo- 
logic sections retrieved at day 28 from ischemic hindlimb 
muscle, was markedly increased in mice receiving Td/TERT 
versus Td/GFP (224±78 versus 90±40 capillaries/mm^ 
F<0.01) (Figure 7D). Animals treated with Td/TERT or 
Td/GFP EPCs disclosed no evidence of neoplastic 
transformation. 

Discussion 

We have challenged the otherwise inevitable reduction of 
telomerase activity in human EPCs by performing gene 
transfer to achieve constitutive expression of hTERT in these 
somatic progenitor cells. Constitutive expression of hTERT 
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Figure 6. /Vpoptosis assay. A, Represen- 
tative images show cell survival effects 
as a function of hTERT transduction and 
VEGF administration. Double staining 
was performed with Annexin-V (green) 
and propidium iodide (red). Day-7 cul- 
tured EPCs were transduced with hTERT 
or GFP, depleted of serum for 24 hours, 
and stimulated with 1 00 ng/mL of VEGF 
or vehicle. Evidence of apoptosis by 
staining for Annexin -V, propidium 
iodide, or both is reduced in TERT- EPCs, 
This outcome was amplified after VEGF 
administration. B, Representative images 
show cell survival effects by use of 
Hoechst33342 stainihgT Numbers on fig- - 
ures correspond to numbers indicated 
on accompanying table. The numbers of 
pyknotic nuclei identified by Hoechst- 
positive staining are reduced among 
TERT-EPCs. This outcome was amplified 
after VEGF administration. C, Quantita- 
tive analysis of VEGF-induced EPC sur- 
vival by counting pyknotic nuclei stained 
by Hoechst33342. VEGF induced cell 
survival, and hTERT enhanced cell sur- 
vival effect (P<0.01, VEGF-Td/GFP vs 
VEGF-Td/hTERT). 
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Figure 7. Therapeutic efficiency of Tcl^TERT and 
Td/GFP EPCs in murine model of hindlimb Ische- 
mia. All data reflect analyses performed 28 days 
after administration of transduced EPCs. A, Impact 
on hindlimb integrity. Administration of Td/hTERT 
increased limb salvage (ie, neither toe nor limb 
necrosis) compared with that of controls trans- 
duced with a reporter (GFP) gene (P<0.01 
Td/TERT vs Td/GFP). B, LDPI performed at day 
28. Compared with mice transplanted with 
Td/GFP, mice transplanted with Td/TERT demon- 
strated enhanced perfusion measured by LDPI 
(0.77±0.10 vs 0.47 ±0,06 in arbitrary units mea- 
sured by LDPI; P=0.02) C, Histologic evidence of 
neovascularization in ischemic hindlimb. Represen- 
tative photomicrographs of capillaries in tissue 
sections from muscle of ischemic legs stained with 
alkaline phosphatase. D, Quantification of capillary 
density. The extent of neovascularization was 
assessed by measuring capillary density in light 
microscopic sections prepared from muscles of 
ischemic hindlimbs. Capillary density was signifi- 
cantly greater in hindlimbs of mice receiving 
Td/hTERT (P<0.01 vs Td/GFP). 



led to conservation of telomerase activity and delay in 
senescence, as well as enhanced EPC regenerative properties, 
including mitogenesis, migration, and EPC survival. EPC 
differentiation colony assay also disclosed distinct conse- 
quences of hTERT transduction of EPCs. Differentiated 
colonies appeared only among hTERT-expressing EPCs. One 
possible mechanism of the hTERT effect on EPC differenti- 
ation may involve delay in senescence related to cell culture 
shock.35 Aging is one of the factors that might affect 
senescence; eg, EPCs from older people might go into 
senescence more rapidly than do EPCs used in the current 
experiments. Further investigation concerning time course in 
EPC senescence should be necessary. The in vivo experi- 
ments described here may be interpreted to constitute proof of 
concept that indirect gene transfer may facilitate therapeutic 
applications of EPC transplantation. The dose of EPCs used 
in the current in vivo experiments was 30 X less than that 
required in previous experiments designed to improve the rate 
of limb salvage.^ Moreover, GFP overexpression did not 
affect on EPC functions because of the equivalent finding of 
GFP-transduced EPCs and nontransduced EPCs with cell 
senescence and migratory and mitogenic activities. Thus, 
Td/hTERT EPC gene transfer constitutes one option to 
address the relative paucity of EPCs that can be isolated from 
—peripheral- blood- before-ex vi vo expansion and -subsequent _ 
autologous readministration. 

We have questioned if hTERT-expressing cells acquired 
characteristics of cancer cells, such as chromosomal abnor- 
malities, anchorage-independent growth in culture, or tumor- 
igenicity in immunodeficient mice. There was no observation 
of such neoplasticity, however, after hTERT transduction by 
adenovirus constructs. The ectopic hTERT expression by 
adenovirus transduction was limited within 4 weeks and did 
not bring immortalization on EPCs. The stability of endothe- 
lial lineage cell after hTERT overexpression was also sup- 
ported by the findings that hTERT-transduced differentiated 
ECs exhibited neither evidence of malignant transformation 



nor loss of functional and morphogenetic characteristics of 
the parental cells.^^ We are paying attention to every possi- 
bility for applying this approach to any experimental or 
clinical application. 

The augmented neovascularization observed after thera- 
peutic transplantation of hTERT overexpressing EPCs is 
consistent with the favorable impact of hTERT gene transfer 
on the angiogenic profiles of EPCs in the in vitro experi- 
ments. As foci of injured organs are exposed to diverse 
physiological and pathological stress, replication and differ- 
entiation of certain cells (particularly stem and/or progenitor 
cells) may be required to initiate and complete tissue regen- 
eration. The concept of "rejuvenating" EPCs via delay in 
senescence and enhanced regenerative properties may thus 
have therapeutic implications for vascular disorders, includ- 
ing myocardial ischemia and lower extremity, in which the 
viability of these and fully differentiated ECs is recurrently 
subjected to a variety of individual and environmental stress 
factors. 
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Extension of Life-Span by 
Introduction of Telomerase into 
Normal Human Cells 

Andrea G. Bodnar,* Michel Ouellette,* Maria Frolkis, 

Shawn E. Holt, Choy-Pik Chiu, Gregg B. Morin, 
Calvin B. Harley, Jerry W. Shay, Serge Lichtsteiner,t 
Woodring E. Wrightt 

Normal human cells undergo a finite nunnber of cell divisions and ultimately enter a 
nondividing state called replicative senescence. It has been proposed that telomere 
shortening is the molecular clock that triggers senescence. To test this hypothesis, two 
telomerase-negative normal human cell types, retinal pigment epithelial cells and fore- 
skin fibroblasts, were transfected with vectors encoding the human telomerase catalytic 
subunit. In contrast to telomerase-negative control clones, which exhibited telomere 
shortening and senescence, telomerase-expressing clones had elongated telomeres, 
divided vigorously, and showed reduced staining for p-galactosidase, a biomarker for 
senescence. Notably, the telomerase-expressing clones have a normal karyotype and 
have already exceeded their normal life-span by at least 20 doublings, thus establishing 
a causal relationship between telomere shortening and in vitro cellular senescence. The 
ability to maintain normal human cells in a phenotypically youthful state could have 
important applications in research and medicine. 



Normal human diploid cells placed in cul- 
ture have a finite proliferative life-span and 
enter a nondividing state termed senes- 
cence, which is characterized by altered 
gene expression (J, 2). Replicative senes- 
cence is dependent upon cumulative cell 
divisions and not chronologic or metabolic 
time, indicating that proliferation is limited 
by a "mitotic clock" (3). The reduction in 
proliferative capacity of cells from old do- 
nors and patients with premature aging syn- 
dromes (4), and the accumulation in vivo of 
senescent cells with altered patterns of gene 
expression (5, 6), implicate cellular senes- 
cence in aging and age-related pathologies 
(1, 2). 

Telomere loss is thought to control 
entry into senescence (7-10). Human 
telomeres consist of repeats of the se- 
quence TTAGGG/CCCTAA at chromo- 
some ends; these repeats are synthesized by 

the riboriucleoprotein enzyme telomerase 

( IJ , 12). Telomerase is active in germlirie" 
cells and, in humans, telomeres in these 
cells are maintained at about 15 kilobase 
pairs (kbp). In contrast, telomerase is not 
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expressed in most human somatic tissues 
{13, 14), and telomere length is signifi- 
cantly shorter (i5). The telomere hypoth- 
esis of cellular aging (16) proposes that 
cells become senescent when progressive 
telomere shortening during each division 
produces a threshold telomere length. 

The human telomerase reverse tran- 
scriptase subunit (hTRT) has been cloned 
(17). We recently demonstrated that telo- 
merase activity can be reconstituted by 
transient expression of hTRT in normal 
human diploid cells, which express low 
levels of the template RNA component of 
telomerase (hTR) but do not express 
hTRT (18). This provided the opportuni- 
ty to manipulate telomere length and test 
the hypothesis that telomere shortening 



causes cellular senescence. 

Introduction of telomerase into nor- 
mal human cells. To determine if telo- 
merase expression increases cell life-span, 
we trarisfected hTRT" normal cells with 
two different hTRT expression constructs. 
One construct was engineered for in- 
creased translational efficiency by removal 
of the 5' and 3' untranslated regions of 
hTRT and creation of a Kozak consensus 
sequence. This engineered hTRT cDNA 
was cloned downstream of the MPSV pro- 
moter (19). The second construct consist- 
ed of the complete (native) hTRT cDNA 
cloned downstream of the SV40 promoter 
in pZeoSV (19). In the first experiments, 
we compared the life-span of stable clones 
transfected with MPSV-hTRT versus 
"vector only" clones, and in the second, 
we compared the life-span of ^'activity-; 
positive and activity-negative stable 
clones containing integrated SV40-hTRT 
constructs. 

hTRT" normal retinal pigment epithe- 
lial cells (RPE-340) were transfected with 
the MPSV-hTRT vector at population 
doubling (PD) 37, and 27 of the 39 result- 
ant stable clones (69%) expressed telo- 
merase activity. BJ foreskin fibroblasts were 
transfected with the MPSV-hTRT vector 
at PD 58, and 3 of the 22 stable clones 
(14%) expressed telomerase activity. Re- 
verse transcriptase-polymerase chain reac- 
tion experiments demonstrated that the 
hTRT mRN A originated from the trans- 
fected cDNA and not the endogenous 
gene (20). Telomerase activity, measured 
relative to that in the lung cancer-derived 
human cell line HI 299, ranged from 65 to 
360% in the RPE clones (Fig. 1) and 86 to 
95% in the BJ clones. This range of 
telomerase activity is similar to that ob- 
served for tumor cell lines (13). Thirty- 
three RPE clones and 24 BJ clones trans- 
fected with the control plasmid were also 
isolated; RPE clones that generated suffi- 
cient cells for the TRAP assay (n = 15) 
(Fig. 1) and control BJ clones (n = 15) 
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Fig. 1. Telomerase activity in stable 
RPE clones. Stable human RPE 
clones^ .obtained by_ transjectjon^ 
with a control vector (clone nurn^ 
bars prefixed with "C") or with a 
vector expressing the hTRT cDNA 
("T" clones) were analyzed for te- 
lomerase activity by the TRAP as- 
say (79). "PD37" represents the cell 
population at the time of transfec- 
tion. The number of cells assayed 
for each clone is indicated above 
each lane. "IC" is the internal control 
in the TRAP assay. The positive 
control was the telomerase activity 
extracted from H1299 cells (20). 
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were negative for telomerase activity. B] 
fibroblasts were also transfected with the 
pZeoSV-hTRT construct at PD 44. Six of 
76 clones (8%) expressed telomerase ac- 
tivity ranging from 10 to 30% of that in 
the reference HI 299 cell line. As assessed 



RPE 



by a ribonuclease protection assay, hTRT 
mRNA was undetectable in activity-neg- 
ative BJ cells but readily observed in 
hTRT-' clones (20). 

Telomere lengthening in hTRT"*" nor- 
mal cells. We then measured telomere 
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Fig. 2. Telomere length In stable RPE and BJ clones. (A) 
Terminal restriction fragment (TRF) length of DNA from rep- 
resentative RPE and BJ clones (27). "C" clones are telo- 
merase-negative and 'T" clones are telomerase-positive. 
"PD37" and "PD58" represent cells at the time of transfection 
for RPE and BJ cells, respectively, and TD55" represents 
the RPE mass culture at the time of senescence. "M" indi- 
cates molecular size markers in kbp. (B) Mean TRF length at 
the indicated population doublings of the hTRT^ (triangles) 
and hTRT" (circles) RPE clones. "T30" refers to clone T30. 
The gray horizontal bar represents the mean TRF of the cell 
population at the time of transfection. The dashed horizontal 
lines indicate the average TRF values for the hTRT^ and 
hTRT" clones. (C) Mean TRF length at the indicated popu- 
lation doublings of the BJ clones transfected with pZeoSV-hTRT; designations are as in (B). "B13" refers 
to clone 813. Closed symbols represent cells that senesced; half-filled symbols correspond to cells near 
senescence (dividing less than once per week). 
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Fig. 3, Effect of telomerase expression on cell life-span. The proliferative status of each RPE (upper 
panel) and BJ (lower panel; pZeoSV- hTRT experiment) clone is shown. The hTRT"^ clones (triangles) and 
the hTRT" clones (circles) are plotted (35). Closed symbols represent senescent clones (dividing less 
than once per 2 weeks); half-filled symbols correspond to cells near senescence (dividing less than once 
per week); open symbols represent clones dividing more than once per week. The shaded vertical area 
indicates the typical PD range where the mass population of cells senesce. Dashed vertical lines 
represent the mean PD of: (a) the hTRT" and (b) the hTRT*^ clones. 



lengths to determine if the hTRT- reconsti- 
tuted telomerase acts on its normal chro- 
mosomal substrate {21). Telomeres in the 
hTRT" cells decreased by 0.4 to 1.3 kbp 
(Fig. 2), comparable to the shortening seen 
in mass cultures at equivalent PDs, whereas 
telomeres in the hTRT"*" RPE and BJ clones 
transfected with the MPSV-hTRT vector 
increased by 3.7 kbp (± 1.4 kbp, n = 26) 
and 7.1 kbp (±0.3 kbp, n = 3), respective- 
ly. Telomeres in six hTRT"*" clones trans- 
fected with the pZeoSV-hTRT vector, in- 
creased by 0.4 kbp (± 0.3 kbp, n = 6). 
Because two hTRT"*" clones expressing only 
5 to 7% relative telomerase activity (RPE 
clone T30 and BJ clone B13) did not main- 
tain telomere length, they were considered 
to be functionally hTRT" (Fig. 2B). These 
results demonstrate that hTRT-reconstitut- 
ed telomerase extends the endogenous telo- 
meres in a normal cell. 

Life-span, karyotype, and phenotype. 
To investigate the effect of telomerase ex- 
pression on the life-span of normal cells, we 
compared the growth of hTRT"** and 
hTRT" clones. hTRT" RPE clones showed 
the expected slowing of growth that is as- 
sociated with aging in vitro, and 30 out of 
33 senesced (22) by an age typical for mass 
RPE cultures (Fig, 3). In contrast, hTRT"^ 
RPE clones transfected with MPSV-hTRT 
exceeded the mean life-span of the hTRT" 
clones by -20 doublings (P < 10"^'*; Stu- 
dent's T test). These clones have exceeded 
the maximal RPE life-span (PD 55 to 57), 
and continue to divide at the rate of young 
RPEs (Fig. 3). Similarly, most of the 
hTRT" BJ fibroblast clones senesced or. are 
near senescent (64 of 70 clones), whereas 
all six of the hTRT"*" clones transfected 
with the pZeoSV-hTRT vector exceeded 
the maximal BJ life-span (85 to 90 PD) 
(Fig. 3). The average PD of these six rapidly 
dividing hTRT"*" clones is already 36 dou- 
blings beyond the average life-span of the 
70 hTRT" clones (P < 10"^). Similar re- 
sults were obtained with human vascular 
endothelial cells (23). Thus, expression of 
functional hTUT in normal cells extends 
their life-span. 

Senescence-associated p-galactosidase 
(SA-p-Gal) is an established biomarker as- 
-sociated with Gellular-aging-(6). We.stained . 
hTRT" RPE clones at or near senescence 
and compared the level of SA-p-Gal stain- 
ing to that in hTRT"*" clones that had un- 
dergone a similar or greater number of cell 
divisions (Fig. 4, A and B). A majority of 
the cells in the hTRT" clones showed 
strong staining; by contrast, few of the cells 
in hTRT"*" clones at equivalent or greater 
PD showed staining. The cells of the 
hTRT" clones that had stopped dividing 
exhibited SA-p-Gal staining levels equiv- 
alent to that observed in senescent mass 
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cultures. Their large size and increased ratio 
of cytoplasm:nucleus also indicates that the 
clones had senesced (Fig. 4A). The remain- 
der of the slowly dividing hTRT" clones 
exhibited SA-p-Gal staining typical of 
cells close to senescence. The same result 
was found for fibroblasts: Six of six hTRT"*" 
clones showed low levels of staining typical 
of young fibroblast cultures, whereas all of 
the hTRT" clones showed elevated SA-p- 
Gal staining (Fig. 4C). Detailed G-banding 
of two hTRT+ RPE clones and two hTRT"^ 
BJ clones revealed that the cells had the 
normal complement of 46 chromosomes 
and no abnormalities (24). hTRT*^ cells 
with an extended life-span therefore appear 
to have a normal karyotype and phenotype 
similar to young cells. 

Implications. Our results indicate that 
telomere loss in the absence of telomerase is 
the intrinsic timing mechanism that con- 
trols the number of cell divisions prior to 
senescence. The long-term effects of exog- 
enous telomerase expression on telomere 
maintenance and the life-span of these cells 
remain to be determined in studies of longer 
duration. 



Telomere homeostasis is likely to result 
from a balance of lengthening and shorten- 
ing activities. Although certain proteins in 
yeast are thought to facilitate the interac- 
tion of telomerase with the telomere (25), 
our results indicate that if analogous mam- 
malian factors are required, they are already 
present in hTRT" human cells. The telom- 
erase catalytic subunit produces the length- 
ening activity, but other factors including 
telomere binding proteins such as hTRF-1 
and -2 (26) might be involved in establish- 
ing a telomere length equilibrium. Very low 
levels of telomerase activity, such as that 
exhibited by RPE clone T30 and B] clone 
B13, are apparently insufficient to prevent 
telomere shortening. This is consistent with 
the observation that stem cells have low but 
detectable telomerase activity, yet continue 
to exhibit shortening of their telomeres 
throughout life (27). Thus, we believe that 
a threshold level of telomerase activity is 
required for life-span extension. Promoter 
strength, structure of untranslated regions, 
site of integration, levels of hTR and 
hTRT, and telomere- or telomerase-associ- 
ated proteins in specific cell types are all 



factors that may affect the functional level 
of telomerase. This hypothesis is supported 
by our finding that hTRT"*" clones derived 
from different cell types and transfected 
with different vectors showed marked dif- 
ferences in telomere lengths. 

Certain stem cells or germline popula- 
tions are telomerase positive (13, 27, 28) 
and have long or indefinite life-spans, illus- 
trating that telomerase expression per se is 
not oncogenic. Cellular transformation with 
viral oncoproteins can also extend cell life- 
span, but through mechanisms that reduce 
checkpoint control, increase genomic insta- 
bility, and fail to prevent telomere loss (29, 
30). We have not observed any gross pheno- 
typic or morphological characteristics of 
transformed cells (such as loss of contact 
inhibition or growth in low serum) that 
might account for the extended proliferative 
capacity of the hTRT"^ cells. The normal 
karyotype and the absolute correlation be- 
tween extended life-span and telomerase ac- 
tivity suggest that stochastic mutagenesis 
does not account for the life-span extension. 

Cellular senescence is believed to con- 
tribute to multiple conditions in the elderly 




Fig. 4. SA-p-galactosidase staining of stable clones. (A) Bright-field photomicrograph 
of representative RPE hTRT-^ and hTRT" clones stained for SA-p-Gal (6). Clones T8 
{PD60) and T71 {PD60) are hTRT^; clones C22 (PD54) and C23 (PD56) are hTRT-. 
Scale bar, 100 y^m. (B) SA-p-Gat staining at the indicated population doublings of 
RPE clones. Each point represents one clone. hTRT"" clones (triangles) and hTRT" 
clones (circles) are plotted. Closed symbols represent senescent clones {dividing less 
than once per 2 weeks), half-filled symbols correspond to cells near senescence 
(dividing less than once per week); open symbols represent clones dividing at least 
once per week. (C) SA-p-Gal staining at the indicated population doublings of BJ 
clones; designations are as in (B). 
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that could in principle be remedied by cell 
life-span extension in situ. Examples in- 
clude atrophy of the skin through loss of 
extracellular matrix homeostasis in dermal 
fibroblasts (31); age-related macular degen- 
eration caused by accumulation of lipofus- 
cin and downregulation of a neuronal sur- 
vival factor in RPE cells (32); and athero- 
sclerosis caused by loss of proliferative ca- 
pacity and overexpression of hypertensive 
and thrombotic factors in endothelial cells 
(9, 33). Extended life-span cells also have 
potential applications ex vivo. Cloned nor- 
mal diploid cells could replace established 
tumor cell lines in studies of biochemical 
and physiological aspects of growth and dif- 
ferentiation; long-lived normal human cells 
could be used for the production of normal 
or engineered biotechnology products; and 
expanded populations of normal or geneti- 
cally engineered rejuvenated cells could be 
used for autologous or allogeneic cell and 
gene therapy. Thus the ability to extend 
cellular life-span, while maintaining the 
diploid status, growth characteristics, and 
gene expression pattern typical of young 
normal cells, has important implications for 
biological research, the pharmaceutical in- 
dustry, and medicine. 

Note added in proof: As of the time of 
galley proofs, virtually all of the hTRT" 
clones were senescent or near senescent, 
whereas all of the hTRT"^ clones continued 
to divide rapidly. 
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